Perchlorate (ClO 4 -) is an inorganic anion that has both anthropogenic and natural sources in the environment. Highly soluble in water, it readily migrates from soils into groundwater but does not volatilize from water to air (USEPA 2012a). Nationwide testing of public water systems (PWSs) for perchlorate under the first Unregulated Contaminants Monitoring Rule (UCMR 1) showed that, overall, approximately 4% of the 3,870 tested PWSs had perchlorate detections, with an average concentration of 9.9 μg/L; 95% of detected concentrations were less than 20 μg/L (USEPA 2012b). California, the state with the most perchlorate-affected PWSs in the United States (Russell et al. 2009 ), has required perchlorate screening for all PWSs. In the dataset collected by the California Department of Public Health (CDPH) between 2000 and 2013, approximately 6% of tested PWSs have detected perchlorate, and 96% of the perchlorate detections are less than 20 μg/L (CDPH 2013).
To date, only two states-California and Massachusettshave set enforceable maximum contaminant levels (MCLs) for perchlorate. Other states, including Arizona, Nevada, New Jersey, New York, and Texas, have recommended limits for drinking water (Brandhuber et al. 2009 ). Currently there is a Federal Interim Drinking Water Health Advisory of 15 μg/L, but no federal MCL (USEPA 2009a). California recently lowered its public health goal (PHG) from 6 to 1 μg/L (California OEHHA 2015) , which may eventually result in lowering the state MCL. Given the large number of perchlorate detections in the CDPH database between the PHG of 1 μg/L and the current California MCL of 6 μg/L (20% of the detections between 2000 and 2013), many PWSs will need to consider treatment for these low levels of perchlorate to maintain compliance if the MCL is lowered (this does not include the large number of nondetect samples in the database, with detection limits above the PHG of 1 μg/L, that might contain perchlorate concentrations that would also require treatment).
Because perchlorate inhibits thyroidal iodine uptake, additional iodine intake may be able to offset the potential thyroidal health impacts from perchlorate exposure (Lewandowski et al. 2015 , WHO 2013 , and may, in fact, be "the most direct approach to reducing risk of perchlorate exposure to an individual" (Brent 2010) . Direct iodine addition to drinking water could therefore represent a novel approach to offsetting the risk of low-level perchlorate exposure in drinking water. Toxicological modeling suggests that increased iodine intake of up to 1.5 μg/L of iodine (as I 2 ) in drinking water (assuming average consumption of 3 L of water/day for an approximate total additional dietary intake of 4.5 μg I 2 /day) could effectively offset the thyroidal iodine uptake inhibition associated with exposure to up to 20 μg/L of perchlorate in drinking water (Lewandowski et al. 2015) .
Iodine (I) added within PWSs would need to be able to survive drinking water treatment processes, in particular the final disinfection step which, for the vast majority (>93%) of PWSs in the United States, entails chlorination, chloramination, and/or ozonation (Crittenden et al. 2012 , USEPA 2009b . However, oxidation of reduced iodine (e.g., iodide) in drinking water treatment, especially during disinfection, can lead to iodine disinfection by-products (I-DBPs) in the presence of natural Perchlorate, a persistent inorganic anion known to inhibit iodine uptake, has been detected in drinking water at low concentrations (<20 μg/L), which will require treatment if a federal maximum contaminant level is established below this level. Toxicological modeling suggests that addition of ≤1.5 μg/L of iodine (as I 2 ) to drinking water may effectively offset the potential thyroidal health impacts of exposure to ≤20 μg/L perchlorate in drinking water. This paper evaluates the engineering feasibility of iodation of drinking water to mitigate risk from low levels of perchlorate. Cost estimates demonstrate that iodation, analogous to fluoridation in implementation, could be significantly less expensive than conventional technologies: cost per 1,000 gal treated by iodation ranges from $0.01 to $0.07, versus from $0.37 to $0.67 for ion exchange and from $0.41 to $0.47 for water blending, depending on the system's size. Further evaluation of other toxicological, regulatory, and public acceptance aspects of this approach is merited. organic matter. I-DBPs, which have low taste and odor thresholds (Bichsel 2000) , have been directly linked to the formation of hypoiodous acid (HOI) from iodide (I -) and other reduced iodine species (Bichsel & von Gunten 1999) , so oxidized iodine species resistant to the oxidation in disinfection are best suited for use in drinking water applications.
In particular, iodate (IO 3 -), the most common inorganic aqueous iodine species in freshwater after iodide (Hou 2009) , is the desired end-product for naturally occurring iodide in PWSs with concerns about I-DBPs: it is not susceptible to I-DBP formation (Allard et al. 2013) and has the US Department of Agriculture's nontoxic designation of Generally Recognized as Safe (Buergi et al. 2001) . No iodine species has a specific MCL, which would imply a toxicological or aesthetic effect of iodine consumption; in fact, iodate and iodide are added to salt, bakery dough conditioners, and even baby formula (50 to 117 µg/L as I 2 ) to prevent iodine deficiency (Buergi et al. 2001 ). Thus, I-DBP formation can be avoided if iodine is added as non-toxic iodate to drinking water.
This study examines the engineering feasibility of the addition of iodine, in the form of iodate salt, to treated drinking water to offset the effects of low levels of perchlorate (i.e., 1-20 µg/L). Cost estimates have been developed for iodine addition to existing PWSs, and are compared with cost estimates for conventional technologies to mitigate low levels of perchlorate. The most commonly implemented treatment method for perchlorate in drinking water is ion exchange (Choe et al. 2013) , followed by water blending to dilute low levels of perchlorate to below required levels in drinking water. Ion exchange becomes less efficient at low (e.g., less than 20 µg/L) perchlorate concentrations, and the availability of blending water is expected to decrease in the future as a result of increasing water scarcity nationwide (Jensen et al. 2012) . Compared with water blending and ion exchange, iodine addition appears to be a novel, cost-effective alternative to conventional technologies for offsetting the health risks of low levels of perchlorate.
PROPOSED APPROACH TO IODINE ADDITION
Iodate addition, or iodation, can be readily incorporated into existing treatment trains in PWSs. Iodate salts are moderately soluble, with aqueous solubilities of approximately 80 g/L as salt for potassium and sodium salts at 20°C; calcium salts are one to two orders of magnitude less soluble (US NIST 2007). Iodate is relatively inert, even in concentrated solutions (generally available up to 75 g/L as salt), with minor safety and handling requirements relative to other chemicals commonly used in water treatment, including strong acids and bases such as fluorosilicic acid, hydrochloric acid, and sodium hydroxide (CDC 1986) . Furthermore, concentrations of iodate salts to offset low levels of perchlorate considered here are very low (<20 µg/L) compared with other chemical additives for water treatment processes (typically mg/L values for fluoride and water softeners) (Crittenden et al. 2012) .
Preferred location of iodation in the treatment train. To avoid removal of iodate during the coagulation, flocculation, and/or settling-unit processes typical in drinking water treatment systems, the ideal location for iodation is at the end of the treatment train, simultaneous with fluoride and/or disinfectant addition, and before a contact tank and distribution (AWWA 2004) . As noted previously, use of iodate should preclude formation of I-DBPs; no other aqueous iodine species has negative aesthetic effects at the concentrations considered (Allard et al. 2013 ). Simultaneous addition of iodate with fluoride and/or disinfectant does not, however, imply direct mixed storage of chemicals for water treatment as a result of potential adverse side reactions and complications in ensuring the proper concentration of multiple chemicals. Instead, chemical feed lines for iodation, fluoridation, and disinfectant, if applicable, should meet minimum requirements for distances between injection points on the main pipeline (Crittenden et al. 2012) . Mixing of the chemicals will then occur in the contact tank before distribution.
Once in the distribution system of a PWS, iodate could be susceptible to some minor losses: sorption to pipe walls, trace losses to iodine gas, and microbial reduction to iodide (Amachi et al. 2007 ). Pipeline pressurization and residual disinfectant should limit these losses. In particular, microbial reduction is not expected to occur under aerobic conditions with residual disinfectant present, although anaerobic reducing conditions could develop at limited scale in pipe networks. Residual disinfectant could partially reoxidize microbially reduced iodide, forming the I-DBP precursor, HOI, but typically HOI forms during the disinfection unit process in which disinfectant concentrations are higher (Bischel & von Gunten 1999) . In addition, dissolved organic matter in disinfected water is not anticipated to be sufficiently reactive for significant I-DBP formation (Bischel & von Gunten 1999) . Thus, when added to drinking water as iodate immediately before disinfection, iodine addition should not result in taste/odor complaints or process disruption, nor should significant iodine losses occur in the distribution system that might require the use of additional safety factors for dosage calculations. Further study of iodate stability in pipe networks should be incorporated into future pilot testing of this technology.
Iodate dose to offset perchlorate health effects. Physiologically based pharmacokinetic modeling relating perchlorate and iodine exposure to potential effects on thyroidal iodine uptake among sensitive populations, examined elsewhere (Lewandowski et al. 2015) , suggests that up to 1.5 μg I 2 /L (equivalent to 4 μg/L of dissolved iodate) would need to be added to drinking water to offset perchlorate concentrations up to 20 μg/L in drinking water, assuming consumption of approximately 3 L/d of treated water. In this study, a dosing ratio of total iodine (as atomic iodine) to perchlorate (as ClO 4 -) of 1:2 (by mass) was used as a conservative assumption for iodine target concentrations in treated drinking water based on influent perchlorate concentrations. These iodine concentrations were used to estimate iodine chemical costs over a range of influent perchlorate concentrations. For example, it was assumed that iodation would be accomplished by addition of 5 μg/L as I 2 , equivalent to 14 μg/L as IO 3 -, to source water containing 20 μg/L of perchlorate. This concentration of iodate (14 μg/L) can be generated by a concentration of 17 μg/L of potassium iodate salt or 16 μg/L of sodium iodate salt.
Naturally occurring iodine confounds the calculation of the appropriate iodine concentration for a given PWS. Reported iodine concentrations in US drinking water sources are low, although not many data are available. A National Research Council study (NRC 1980) reported concentrations of naturally occurring iodine in untreated water ranging from 2 to 9 μg of I 2 /L in Virginia and Maryland. Groundwater concentrations can exceed 25 μg of I 2 /L when influenced by high iodine in the soils or aquifer solids, depending on the local geology (Bichsel & von Gunten 1999) . A recent survey of PWS source water in 23 cities in the United States and Canada showed natural iodine concentrations of <0.07 to 52 of μg I 2 /L, with a median value of 5.2 μg of I 2 /L (Richardson et al. 2008) . Naturally occurring iodine, likely present as iodide (Bichsel & von Gunten 1999) , may be partially removed in the PWS treatment train, as suggested by a survey of US tap water (i.e., from faucets in homes) that found a median iodine concentration of 2.3 μg of I 2 /L (Blount et al. 2010) , lower than reported concentrations in source water. Iodine may also contribute to taste and odor concerns via the formation of I-DBPs, in which case mitigation such as ozonation may already be in place for conversion of total iodine to iodate (Allard et al. 2013) . Depending on the water source, naturally occurring iodine concentrations may also vary on a seasonal or yearly basis (Bichsel & von Gunten 1999) .
In order to capture the maximum potential chemical cost for iodation, naturally occurring iodine concentrations are assumed to be zero in this study. For actual implementation of iodine addition, PWSs are recommended to screen for iodine concentration in the treated water entering the distribution system over the course of a year to estimate the concentration of naturally occurring iodine that survives upstream treatment processes. Depending on the naturally occurring iodine concentration, the target concentration of iodine in treated water could either be reduced accordingly, or the additional iodine could serve to increase the safety factor.
Iodation equipment. Given its relatively simple handling requirements and low required concentrations, iodate can be added to water treatment systems with standard, readily available equipment similar to other frequently used water treatment additives. The best analogue for iodation in water treatment is fluoridation, which also involves the addition of an inorganic salt at the end of the treatment train. Design of fluoridation equipment typically includes simple, accurate feeding equipment and minimal chemical handling. In practice, fluorosilicic acid solution addition is the most common fluoridation system; dry feed systems are more common for larger PWSs, which require larger masses of fluoride to dose their higher flow rates (AWWA 2004 , Ringelberg et al. 1992 .
Similar to fluoridation, the concentrated solution method is likely to be the preferred approach for iodation because of the simplicity of the process equipment and the minimal chemical handling required. Engineering controls in the process equipment prevent overfeeding of fluoride, which has both primary and secondary MCLs (AWWA 2004) , and could presumably prevent overfeeding of iodate. Concentrated solutions of iodate salts are available in bulk, up to concentrations of 7.5%, at circumneutral pH. Relative to fluorosilicic acid, safety risks of concentrated iodate salts are lower, and chemical handling is simpler.
COST OF IODATION
For the purposes of comparison with previous studies, the design flow rates considered in this study for cost estimating were 300, 2,000, and 5,000 gpm, or 432,000, 2,880,000, and 7,200,000 gpd. These are roughly comparable to the reported flow rates for the US Environmental Protection Agency (USEPA) PWS categories of small, large, and very large and are referred to herein by those category titles (USEPA 2009b). The PWS assumptions made for cost calculations in this study are compared with actual category characteristics compiled by USEPA (Table 1) .
Iodation cost depends on the system size, system design, and chemical-specific factors (type of chemical, quantity purchased, and method of delivery). Cost also increases if more than one injection point is required, which becomes more likely as the PWS size increases. Because iodation equipment is likely to be similar to fluoridation equipment, this study uses empirical data for the capital and operational costs of fluoridation, substituting the chemical cost of iodate salt solution for the cost of fluorosilicic acid solution. Potassium iodate has been used for cost estimation purposes, although sodium iodate is also a viable, similarly priced alternative.
Although commercially available models to build up system costs from individual component costs are typically used for feasibility evaluations, this approach has not generally been used in the published literature for fluoridation (Brunson et al. 2005 , Griffin et al. 2001 , Ringelberg et al. 1992 . Recent reports on the costs of compliance with perchlorate regulation also relied upon empirical data from a limited number of PWSs to project cost estimates as a function of design flow rate (Russell et al. 2009 , Kennedy/Jenks Consultants 2004 . In order to develop estimates consistent with and comparable with this previous work, the empirical estimation method was employed in this study. Capital cost and operations and maintenance cost for iodation equipment. The basis for capital and operations and maintenance (O&M) costs for iodation equipment is a 1992 study by Ringelberg et al. This is one of the most cited references for fluoridation cost analysis, even in more recently published cost-benefit analyses for fluoridation (Brunson et al. 2005 , Griffin et al. 2001 ). The 1992 Ringelberg et al. study used actual invoiced costs for installation and operation of fluoridation equipment at 44 existing PWSs in Florida from 1980 to 1988. Invoiced capital costs included equipment, installation, testing equipment, safety equipment, and consultant engineering fees up to 15% of the other direct costs. Capital costs included backup systems, as needed, to meet regulatory requirements. O&M costs included the actual chemical costs, maintenance and repair costs (calculated at 2.4% of the direct capital costs), and labor costs. Labor costs were based on 1 h/d for 365 days. All costs were adjusted for regional cost differences across the state using the housing component of the Florida price level index, and were presented as 1988 dollars.
Forty-two of the 44 PWSs used a concentrated-solution delivery system (hydrofluorosilicic acid addition) to fluoridate; each of the 42 was assigned a USEPA PWS category of small, large, or very large based on the population served as reported in the study. Table 2 presents the capital and O&M costs to implement fluoridation for these 42 PWSs, assumed to be equivalent for iodation capital and O&M costs. Capital and O&M costs from Ringelberg et al. have been averaged by size category and adjusted to 2012 dollars using the Historical Building Cost Index available from Engineering News-Record (ENR 2013). The chemical cost of fluoride was subtracted from the O&M costs presented in the original study; chemical cost of iodate salt was determined separately. The total capital cost estimated for iodation equipment thus ranges from $49,500 to $226,000 for the three PWS categories, and the annual O&M cost, excluding the cost of iodate salt, ranges from $7,460 to $11,300 for the three categories (Table 2) .
Although the data set for fluoridation costs is the most extensive data set publicly available, it is not comprehensive. The 42 PWSs in this study are a fraction of the more than 49,000 PWSs in the United States today (USEPA 2009b). In particular, this data set contains only four very large PWSs, and therefore estimated costs for this category may not be as representative as the costs for the other PWS categories as a result of the small sample size. The PWSs in the Ringelberg et al. study also represent only one of the 50 states. According to the ENR Building Cost Index for 20 cities across the United States, the relative cost of building construction in the southeastern United States as represented by the cities of Atlanta, Ga., and Birmingham, Ala., is approximately 70% of the cost in California as represented by the cities of San Francisco and Los Angeles. The survey of 20 cities does not include a city in Florida.
Two other limitations of this data set bear mentioning. First, the number of injection points is a cost driver, and the number is expected to increase with the complexity of the PWS. If a PWS has multiple entry points to the distribution network, such as multiple groundwater wells with in-line disinfection, then each entry needs a separate injection point (AWWA 2004). In the Florida survey, very large PWSs had an average of 7.5 injection points, large PWSs had an average of 2.2 injection points, and small PWSs had an average of 1.7 injection points. Only three of the 42 PWSs had more than five injection points. Costs were not normalized to the number of injection points as a result of the lack of association between number of injection points and costs reported in the Florida survey.
Second, the sizes of the Florida PWSs evaluated are slightly different from the national distribution of PWSs. The average populations served were 5,300, 30,300, and 225,500 for small, large, and very large PWSs, respectively. The average populations served for the same size categories in a national survey were 1,050, 28,800, and 380,900, respectively (USEPA 2009b). Because the above limitations do not result in a uniform overestimation or underestimation of PWS population served or number of injection points, systematic bias in the costs developed in this study is not expected.
Annual chemical cost of iodation. The results of UCMR 1 indicate that the concentration of perchlorate in the United States falls within the range of 2 to 20 μg/L for 95% of PWSs in which perchlorate was detected (USEPA 2001). On the basis of the expected decreasing trend in regulatory levels for perchlorate in drinking water, perchlorate at these levels may require mitigation in the near future. Cost estimates in this study therefore relied on the range of iodate concentrations to offset health impacts from perchlorate concentrations between 2 and 20 μg/L. As described earlier, this cost assumes that the concentration of naturally occurring iodine in the source water for the PWS is zero.
Using a mass ratio of total iodine (as atomic iodine) to perchlorate (as ClO 4 ) of 1:2 as a conservative assumption, potassium iodate mass loadings in pounds per day were calculated for each of the three PWS size categories and perchlorate concentrations, ranging from 0.006 to 1 lb/d, to offset 2 to 20 μg/L of perchlorate, for the flow rates considered in this study. Current market costs for potassium iodate in bulk (≥99% purity) range from $40 to $55/kg, or $18 to $25/lb (cost estimates obtained in September 2013 from manufacturers). As recommended by manufacturers, an additional 30% has been added to the market cost to account for the likely shipping costs, for a total cost of $24 to $32 per pound. The highest current market cost is presented in further analysis to follow as a conservative assumption. The resulting annual costs for potassium iodate as a function of PWS size and perchlorate concentration are shown in Figure 1 and range from $72 for a small PWS with 2 μg/L perchlorate to $12,000 for a very large PWS with 20 μg/L of perchlorate. The annual cost is a direct function of the concentration of perchlorate to be offset, the cost of iodate salt, and the PWS flow rate. Total chemical costs for fluoridation and iodation are similar: although iodate chemical costs are roughly two orders of magnitude higher than fluoride chemical costs (approximately $1/lb according to Ringelberg et al. 1992 and CDC 1986) , the required concentration of iodate (1-14 μg/L as IO 3 -) for the perchlorate concentrations considered here is two to three orders of magnitude lower than the standard concentration of fluoride (700-1,200 μg/L) (CDC 1986) .
Total iodation cost. The total iodation cost per 1,000 gal of treated water was calculated by dividing the total annual cost of iodation by the annual volume of treated water. The annual volume of treated water is derived from the simplified flow rates in Table 1 . The total annual cost of iodation is calculated as the sum of the amortized capital cost, the annual O&M cost, and the annual potassium iodate cost. (All historical costs were adjusted for inflation with the Historical Building Cost Index [ENR 2013 ]to constant 2012 dollars.) Capital costs were amortized over 20 years using a periodic interest rate (i) of 1.7%, the 2012 US government 20-year Real Treasury Interest Rate (US Office of Management and Budget 2012) according to the following equation:
where N = 20 years and i = 1.7%, for an amortization factor of 0.0594. A project or equipment lifetime of 20 years is commonly used for capital amortization (e.g., AWWA 2013, Russell et al. 2009 , Kennedy/Jenks Consultants 2004 , and is longer than the 15-year lifetime used for fluoridation cost estimates (Brunson et al. 2005 , Griffin et al. 2001 , Ringelberg et al. 1992 . As shown in Table 3 , the total annualized costs range from $10,500 to $25,900 to offset 2 µg/L of perchlorate, and from $11,100 to $36,700 to offset 20 µg/L of perchlorate. Annual O&M costs dominate the total iodation cost except for the very large PWSs, in which chemical and capital costs predominate. Chemical costs are a particularly small fraction of the total cost for small PWSs because of the lower flow rate. Figure 2 shows the total annualized cost of iodation normalized to the volume of treated water. The cost/1,000 gal of treated water ranged from $0.01 to $0.07 (2012 dollars), with the highest cost for the smallest PWSs. With the ENR's relative building cost indexes for the Southeast and California, the cost/1,000 gal calculated from Florida data can be adjusted to likely values for California. For 2012, this would increase the cost/1,000 gal only slightly, ranging from $0.02 to $0.10 (2012 dollars) for California compared with the unadjusted cost of $0.01 to $0.07 for Florida. Thus, the Florida data set may lead to a slight underestimate of the expected costs for iodation in other states, but the cost is not so different as to affect the comparative analysis herein. The major cost drivers for iodation are PWS size (i.e., flow rate), iodate chemical cost, and iodation equipment cost. As seen in Figure 2 , the concentration of perchlorate to be offset is not a major cost driver in the range considered for this study (2-20 μg/L). 
COST ESTIMATION FOR CONVENTIONAL TECHNOLOGIES
The most widely used treatment strategies to address perchlorate include ion exchange and water blending. Although the California Code of Regulations (CCR) recognizes biological fluidized bed reactors, along with ion exchange, as the best available technology for perchlorate (CCR 2008) , biological fluidized bed reactors are still in the developmental stage, with the first system of which the authors are aware being constructed in 2011 (Water21 2011); it has not been further evaluated in this study. Capital and O&M costs for ion exchange and water blending were detailed in a 2004 Kennedy/Jenks white paper titled "Cost of Compliance for Three Potential Perchlorate MCLs" (Kennedy/Jenks Consultants 2004). That study surveyed vendors and PWSs in California where perchlorate treatment was already in the planning or design phase to estimate direct capital and O&M costs for perchlorate compliance via ion exchange and water blending. The costs of ion exchange and water blending in this study were developed from the Kennedy/Jenks study.
Note that a more recent cost estimate was prepared by AWWA in September 2013. The costs in that report were presented as net present value costs for system sizes of 200, 500, 2,000, 5,000, and 8,000 gpm and operation over the course of 20 years at a 3% discount rate, whereas the costs reported herein are annualized over 20 years at a 1.7% discount rate, reflective of a low interestrate environment. The use of a 3% discount rate would not change the conclusions of this feasibility analysis. For ion exchange, the AWWA report used empirical formulas for capital and O&M costs as a function of design flow rate. These formulas were developed on the basis of a previous survey of seven PWSs in Southern California. For water blending, the 2013 AWWA report included additional sensors, construction of pipes, and an additional well (higher capital costs than the Kennedy/Jenks study), and no additional cost for perchlorate-free water (lower O&M costs than the Kennedy/Jenks study). Because of the differences in assumptions, a more detailed cost comparison with the 2013 AWWA report was not undertaken.
For comparison purposes, the flow rates considered herein are consistent with the design flow rates used in the Kennedy/Jenks study: 300, 2,000, and 5,000 gpm for small, large, and very large PWSs, respectively. For the present cost estimate, costs presented in the Kennedy/Jenks study were adjusted to allow for comparison with the iodation costs developed above. The cost categories presented in the Kennedy/Jenks study included capital and O&M, which were further divided into subcategories. Adjustments to the original costs are further described here.
Adjustment of previously published costs for comparison to this study. Construction bid costs included the cost of the equipment as well as the contractor's overhead and profit (18%), site preparation (5%), and contingencies (15%). These costs are analogous to the capital costs considered for development of the cost for iodation and were carried through in this study. Indirect construction (legal, permitting, regulatory review, and interest accumulation during construction), capital asset (pipelines, additional land for the facilities, and site improvements), and indirect (permitting and public acceptance) considerations were beyond the scope of the present study, and therefore were not included in the costs presented herein for comparative analysis.
O&M costs for blending and ion exchange included labor (estimated at $40/h in 2004 dollars), maintenance materials of 1% of the capital cost, and electrical power to pump 40% of the design flow rate through the treatment facilities (assumed electricity rate of $0.12/kW·h in 2004 dollars). Water blending assumed that the PWS had an uncontaminated source available for blending. The cost for blending water ranged from $60 to $500/acre-ft (2004 dollars), which was based on the PWS survey; the cost assumed for development of estimates in the Kennedy/Jenks study was $250/acre-ft. Ion exchange O&M costs for resin replacement presented in the Kennedy/Jenks study varied on the basis of the water quality (i.e., perchlorate, nitrate, and sulfate concentrations) and of the water quality analytical costs, which were not detailed further. Each O&M cost subcategory for both ion exchange and water blending presented in the Kennedy/Jenks study was incorporated into cost estimates developed in the present study.
Costs for ion exchange. Single-pass ion exchange in lead-lag configuration was evaluated in the Kennedy/Jenks study using readily available vessels. O&M costs were dominated by resin replacement, which is affected by background nitrate and sulfate in the source. O&M costs developed in this study were based on the case with 10 μg/L of perchlorate, 10 µg/L of nitrate (as NO 3 -), and 30 mg/L of sulfate, as presented by Kennedy/Jenks. Kennedy/Jenks presented 15 other cases with higher O&M costs that were not included in this study: three had 10 mg/L perchlorate and higher nitrate and sulfate concentrations, and 12 had perchlorate concentrations of 25, 60, or 
PWS Category
Index available from ENR (2013). Capital costs were amortized following the procedure described earlier for iodation costs. For ion exchange, amortized capital costs ranged from $21,400 to $203,000, while O&M annual costs ranged from $84,000 to $777,000 (Table 4) . According to this analysis, O&M annual costs dominate the total annualized cost of ion exchange. Ionexchange resin-replacement costs, the main driver of O&M annual costs, may be slightly overestimated for low levels of perchlorate (2-20 μg/L) because the Kennedy/Jenks costs used for comparison herein are based on perchlorate concentrations of 10 μg/L. Resin replacement, however, is often determined by other ions in the untreated water, such as sulfate and nitrate, which are typically present at concentrations three orders of magnitude higher than perchlorate (mg/L concentrations versus μg/L concentrations) (Choe et al. 2013) .
Costs for water blending. In the Kennedy/Jenks study, water blending was considered when the low-level exceedances were no more than 25% of the MCL (Kennedy/Jenks Consultants 2004). In the present study, the perchlorate concentration was assumed to be within 25% of the relevant regulatory limit. For example, under the current USEPA Interim Drinking Water Health Advisory of 15 μg/L, water blending could be considered for sources containing up to 18.75 μg/L of perchlorate. Under the recently updated California PHG of 1 µg/L, water blending would potentially apply only for perchlorate concentrations of up to 1.25 μg/L. The applicability of water blending to a given PWS must be evaluated on a case-by-case basis, so this study provides a generic cost estimate without assuming a specific perchlorate concentration.
Water blending was assumed to require one blending station located on the existing PWS footprint without significant distances of pipelines or need for site improvements. The largest portion of the O&M costs was the cost of obtaining perchloratefree blending water, which was assumed to be $250/acre-ft of water, consistent with the Kennedy/Jenks study.
Costs were presented as 2004 dollars and have been adjusted to 2012 dollars using the Historical Building Cost Index available from ENR (2013). Capital costs were amortized following the procedure described above for iodation costs. Amortized capital costs ranged from $10,100 to $11,500, while O&M annual costs ranged from $64,000 to $1,068,000 (Table 5 ). According to this analysis, O&M annual costs dominate the total annualized cost of water blending. The main cost driver for water blending appears to be the cost of perchlorate-free blending water, followed by the cost of electricity and the cost of the equipment. The cost of perchlorate-free blending water may be less expensive in parts of the United States with less water scarcity than California, such as the Midwest and Pacific Northwest, for which blending costs could be overestimated. Note, however, that California, Arizona, and Nevada-where these costs are likely to be representative-make up approximately 40% of the nationwide occurrences of perchlorate-affected drinking water (Russell et al. 2009 , USEPA 2001 .
COMPARISON OF COSTS FOR IODATION, ION EXCHANGE, AND WATER BLENDING
Total annualized costs. Figure 3 shows the total annualized cost for iodation, ion exchange, and water blending for the three PWS Figure 3 . Normalized annual costs. Although total annualized costs are uniformly higher for larger PWSs, this reflects the size of the system, and does not capture the efficiencies of scale possible with larger PWSs. Therefore, per-capita costs for all three treatment options have been tabulated (Table 6 ). Assumed populations for PWS categories were 5,000, 50,000, and 500,000 for small, large, and very large categories, respectively. Total annual costs have also been normalized to the annual volume of water treated, presented as cost/1,000 gal treated. Both types of normalized costs are uniformly higher for smaller PWSs than for larger PWSs, which reflects efficiencies of scale at higher flow rates. Per-capita costs for iodation ranged from $0.07 to $2.22, versus from $1.96 to $21.09 for ion exchange and from $2.16 to $14.82 for water blending. The cost/1,000 gal treated by iodation ranges from $0.01 to $0.07, versus from $0.37 to $0.67 for ion exchange and from $0.41 to $0.47 for water blending. Reported O&M costs for ion exchange to treat up to 40 µg/L of perchlorate at eight PWSs in Southern California ranged from $0.28 to $0.77 (2009 dollars, no adjustment to 2012 dollars)/1,000 gal treated, for design capacities ranging from 400 to 7,800 gpm (Russell et al. 2009 ); these numbers are similar in magnitude to the total cost of ion exchange reported in the present study.
The total annual costs for iodation, ion exchange, and water blending normalized to the volume of water treated are displayed graphically for the three PWS size categories in Figure 4 . According to this analysis, iodation is clearly the least-expensive treatment strategy to offset the risk of health impacts from low-level perchlorate in drinking water.
CONCLUSIONS
Iodate addition to public water supplies to offset the thyroidal health effects of low levels (<20 µg/L) of perchlorate in treated water should neither affect water treatment processes nor result in degradation of taste and odor in the finished water. Equipment to deliver iodate to drinking water can be adapted from existing fluoridation equipment, which is widely used in water treatment systems and approved for contact with drinking water (NSF 2012a). The next step to implementation would be approval of iodate for drinking water application, which requires manufacturer compliance with NSF/ANSI Standard 60 (NSF 2012b) . Iodate already has the US Department of Agriculture's nontoxic designation of Generally Recognized as Safe (Buergi et al. 2001) and no MCL. Because iodine compounds are not commonly added to drinking water at this time, it is likely that the NSF certification process would be new to the major iodine manufacturers in the United States and could increase the cost of iodate salts. It is unlikely that the cost would increase by more than two orders of magnitude, as would be required to make water blending or ion exchange the lowest cost alternative.
On the basis of the cost analysis for PWS design flow rates of 300, 2,000, and 5,000 gpm presented previously, iodation is far less expensive than conventional technologies for addressing potential mitigation of low levels of perchlorate-i.e., ion exchange and water blending. The annual cost/1,000 gal treated ranges from $0.01 to $0.07 for iodation, with the highest cost for the smallest PWS size (defined in this study as a design flow rate of 300 gpm and less than 10,000 people served). In comparison, annual cost/1,000 gal treated ranges from $0.37 to $0.67 for ion exchange and from $0.41 to $0.47 for water blending, 
FIGURE 4
Comparison of annualized costs per 1,000 gal of treated water for PWS categories and perchlorate treatment options
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Perchlorate Treatment Option again with the highest costs associated with the smallest PWSs. Note that the iodation costs assumed a concentration of 5 µg of I 2 /L to offset 20 µg/L of perchlorate, which is higher than the estimated I 2 concentration needed to prevent a perchlorate impact on sensitive populations (Lewandowski et al. 2015) . This also assumes that no naturally occurring iodine is present in the source water. The actual iodation costs are therefore likely to be lower than the costs reported herein. Because of the expected simplicity and ease of operation of iodation equipment, based on its current use for fluoridation, iodation systems could be reliably implemented for most PWS sizes. Of the other treatment strategies considered for comparison, water blending is also simple to implement for PWSs but is less attractive because of the cost, especially in light of increasing water scarcity. Ion exchange has both a higher cost and a higher level of effort for operation and maintenance as a result of the need for resin management. If regulatory approval can be obtained for this alternative approach to risk mitigation in drinking water, the addition of iodate to drinking water appears to be a viable, cost-effective method to offset potential health impacts that may result from exposure to low levels of perchlorate. Beyond regulatory approval, consumer acceptance would be needed which, given the examples of fluoridation and water reclamation, will require educational efforts based on sound science and public health benefits to manage public perception regarding this approach. While the acceptability of iodation requires further discussion and consideration by various regulators, stakeholders, and policymakers, the results of the engineering feasibility analysis conducted in this article show that this novel approach could potentially mitigate the risk of thyroidal health impacts from low-level perchlorate exposure at a significantly lower cost than conventional technologies.
